T he aim of surgical treatm ent of short bowel syndrome is to increase the intestinal absorptive capacity by increasing the area of absorption or by slowing intestinal transit. T he use of serosal patching to grow new intestinal mucosa is a technique for enlarging the intestinal surface. T he regenerated intestine develops by lateral ingrowth from the neighbouring mucosa and is functionally similar to normal intestinal mucosa. T he present review summarizes the main contributions of the rabbit, the rat and the canine models used to date for growing neomucosa using the serosal patch technique, as well as examining the in¯uence of some growth fact ors on the development of neomucosa. (2001) 35, 180 187 C o rre spond e nc e to : E. Fre ud MD, De partm ent o f Pe d ia tric Surgery, Sa pir Me d ic a l Ce nter, Meir G e ne ra l Ho spital, Kfa r Sa b a 44281, Israel. E-m a il: nsfre ud @isd n.ne t.il
Short bowel syndrome is the stat e in which the intestine is not long enough to support normal somatic growth and development based on normal feeding. T he decrease in small bowel mucosal absorpti ve mass leads to the malabsorption of nutrients, and associated malnutrition, and there are large¯uid and electrolyte losses due to the loss of normal pancreatic, biliary and intestinal secretions. T he most common causes of the disorder in children are necrotizing enterocolitis, abdom inal wall defects, jejunoileal atresia and mid-gut volvulus (Vanderhoof & Langnas 1992 ) . Small bowel syndrome may also follow large segmental resections of the small intestine for various reasons.
T he absolute small intestinal length that results in short bowel syndrome is dif®cult to de®ne and depends on the patient's age, the length and functional status of the remaining small bowel, and the length of the left-over colon.
Another important factor is the time allowed for post-enterectomy or in ut e ro bowel loss`adaptation', that is the compensatory process in the remnant small intestine of mucosal regeneration, villous hypertrophy, bowel dilatation and lengthening, and delayed motilit y (Vanderhoof & Langnas 1992 ) . Treatm ent consists of surgery to slow intestinal transit or to increase the area of absorption. Techniques for slowing intestinal transit include the creation of intestinal valves or sphincters, antiperistalti c segments, re-circulati ng loops, and intestinal pouches. Techniques for increasing intestinal surface area include intestinal tapering and lengthening, growing new intestine (T hompson 1993 (T hompson , Collins e t a l. 1995 and intestinal transplant ati on with or without the liver (Atkison e t a l. 1997 , Goulet e t a l. 1999 .
Another potential technique for increasing the intestinal surface area is the growth of new intestinal mucosa, which takes advantage of the regenerative capabi lity of the intestine. T he regenerated intestine develops by lateral ingrowth from the surrounding mucosa and is functionally similar to normal intestinal mucosa. T he rat e of this process is in¯uenced by intestinal location, size of the defect, luminal nutrients, and the patching surface (Lill emo e t a l. 1982, T hompson e t a l. 1984, 1987a, T hompson 1990) . Prostaglandins, epidermal growth factor, growthhormone releasing factor, and corticosteroids may all stimulate intestinal epithelial-cell proliferation (Stollman e t a l. 1996 (Stollman e t a l. , T hompson 1996 . T he administration of growth hormone and glutamine has proven to be successful for improving intestinal adapt ati on after massive small bowel resection (Wilm ore e t a l. 1997 ). T he growth-associated polyamines have received attention as possible candidat es for growth and adaptation-in ducing factors. T hey increase DNA and RNA synthesis, thus resulting in cellular hyperplasia (Pollack 1993 , Stollm an e t a l. 1996 .
So far, different animal models have been utilized to study the growth of intestinal neomucosa in full thickness defects patched with a variety of surfaces, including colonic serosa, abdominal wall, pedicle¯aps, and prosthetic material (Harmon e t a l. 1979, Gaton e t a l. 1980, Wat son e t a l. 1980, Lillemo e t a l. 1982, T hompson e t a l. 1984, 1986, Banerjee e t a l. 1990, Cam pbell e t a l. 1991). T he serosal patch technique is one of the most popular. However, in many cases, only short segments of small intestine can be patched because of the limited serosal surface and anatom ic factors. In the present review, we describe the progress to date with serosal patching for short bowel syndrome in the rabbit, the rat and the dog. T he in¯uence of some growth factors and the potential of this technique are discussed. Bragg and T hompson (1986 ) studied the in¯uence of patch size (single, triple) on neomucosal growth in 20 male New Zealand White rabbits in which ileal defects (2 5 or 2 15 cm) had been induced. Colonic serosa was used for patching. T he triple-patch group showed signi®cantly great er coverage of the defect, and by 8 weeks, signi®cantly more of the smaller defects were completely covered by neomucosa than of the larger defects. For single and triple patches, the ®nal area of the defect measured 27.5% and 32.8% of the initial area, respectively.
Neomucosa in the rabbit
Microscopically, the groups showed no difference in villous height or crypt depth, though rabbits that underwent triple patching showed a signi®cantly greater crypt density. In vitro glucose uptake and disaccharidase act ivity were similar. T he authors concluded that the use of several patches for multiple small intestinal defects results in more rapid neomucosal growth than the use of a single large patch for a single defect with the sam e surface area. T hey explained this ®nding by the greater circumference exposed to neighbouring normal mucosa in the large defects, with a consequent increase in crypt density. Since function and villous development of the neomucosa are similar, multiple patches should result in a greater absorptive capacity.
T hompson e t a l. (1984 ) patched a 5 cm incision in the terminal ileum in rabbit s with either adjacent colonic serosa or abdom inal wall muscle to create a 2 5 cm defect. Gross and histological examinati ons at 1, 2, 4 and 8 weeks showed that the rate of growth was similar in both groups. T here was minimal lateral ingrowth at 2 weeks, almost complete coverage of the defects at 4 weeks, and complete coverage in more than 85% of animals at 8 weeks, with mature villi and muscularis mucosae. T he ileal diam eter at the site of patching increased in both groups, and glucose uptake was similar. T here was no difference from controls in the abdom inal wall group, in brush border enzyme activity of sucrase, maltase, and lactase, but in the colonic serosa group, sucrase and maltase act ivity were signi®cantly lower than normal. Average body weight increased postoperatively in both groups.
T hompson (1990 ) also studied longitudinal neomucosal growth. Serosa-lined intestinal tunnels of 1.5 cm diam eter and 5 cm length were interposed in the ileum of 30 rabbits. T he tunnel was formed from adjacent colon segments in group 1 (nˆ5) by placement of an intraluminal latex stent in group 2 (nˆ15); by im bricat ing the caecum in group 3 (nˆ5) and by im brication plus intraluminal stenting in group 4 (nˆ5). Only the group 2 anim als survived beyond 7 days, and were sacri®ced at one week (nˆ3), 2 weeks (nˆ3), 3 weeks (nˆ3), 4 weeks (nˆ3), and 6 weeks (nˆ3). All the other anim als died from intestinal obstruction or peritonitis. Neomucosal growth occurred from the proximal and distal margins. Forty per cent of the tunnel was epithelialized at 6 weeks, and the 5 cm tunnel contracted to 3 cm. In vitro glucose uptake was similar in the neomucosa and normal mucosa, but disaccharidase activity (sucrase and maltase) was signi®cantly lower in the neomucosa at 6 weeks. Although there was no clinical obstruction, the survivors lost 15% of their body weight.
A surgical technique that combines both intestinal lengthening and neomucosal growth was designed by Saday and Mir (1996 ) . T he operative procedure consists of the longitudinal division of an intestinal segment antimesenterically and the formation of two intestinal tubes out of bowel halves, with anastomosis of one cutting edge to the incised mucosal midline and of the other to the antimesenteric side of the ®rst intestinal tube. T his creates a common wall between the two hemiloops which leads to the growth of neomucosa. Gross and microscopic exam inations of the outcome in 11 rabbits revealed that all the intestinal tubes were viable and patent at 8 weeks, with no anastomotic leakage. In all the animals, the serosal surfaces of the common walls were covered with a neomucosa which morphologically resembled the mucosa of the existing intestine: there was no signi®cant difference in villus height, villus width at base, villus surface, crypt depth, number of villi per unit serosal length, or villus surface per unit serosa. T he growth of regenerated mucosa was due completely to epithelialization, with no evidence of contraction. T he quantity and rate of neomucosal growth were apparently unrelated to intestinal segment length. Intestinal length increased two-fold while the diameter was halved. T here was a statistically signi®cant increase in total villus surface due to the growing neomucosa.
To improve the rate of neomucosal growth and decrease the contraction associated with colon serosa patches, T hompson e t a l. (1987b) used subcutaneous infusions of systemic urogast rone (UG) in 22 New Zealand White rabbits in which two 2 5 cm ileal defects had been induced and patched with colon serosa. Results were compared with rabbi ts infused with saline at the sam e rat e. A modest increase in neomucosal growth was noted after 2 weeks of UG infusion. T hree weeks aft er patching, the defect coverage was signi®cantly greater in the UG group, and more defects were completely covered by neomucosa. T here was also less contraction, so that the resultant neomucosal surface area was greater. In vitro glucose uptake was signi®cantly greater in the UG group, but disaccharidase and diam ine oxidase act ivity were similar to control values. Crypt cell production rate was signi®cantly great er at 2 weeks than at 3 weeks postoperatively. At 2 weeks, crypt cell production was greater in the UG group than the saline group. T he authors concluded that systemic UG enhances neomucosal growth and has a dose-dependent effect on both the epithelialization and contraction of patched intestinal defects (T hompson e t a l. 1988 ). Since the lowest dose of UG increased epithelializat ion without increasing proliferative acti vity, stimulated cell migration appears to be the earliest effect of UG.
T he sam e authors also studied the effect of the durati on of UG administration on the regeneration of serosa-patc hed ileal defects (T hompson e t a l. 1989). UG was administered subcutaneously at a dose of 1.5 mg/kg/h to white rabbits for 7, 14 or 21 days. Prolonging the duration of infusion was found to increase the quantity of neomucosa produced by intestinal regeneration. However, UG stimulation of mucosal cell migrat ion and proliferati on occurred transiently within 14 days of patching.
T he somatostatin analogue octreotide impairs intestinal regeneration and the adapt ive response to intestinal resection and other stim uli. T hese effects are mediated in part by the inhibition of enterocyte migration and proliferation. To determine whether octreotide promotes enterocyte apoptosis, T hompson (1988 ) injected New Zealand White rabbits aft er patch enteroplasty in the distal ileum with either 100 or 1000 mg of subcutaneous octreotide daily. Normal ileal mucosa contiguous to the patch was evaluated at 7 days for villus height, crypt depth, crypt cell production rate (CCPR), and in situ end-labelling of DNA fragm entation, and the results were compared with operated and non-operated controls. T he mean DNA fragmentation was signi®cantly greater in the octreotide-treated animals. Octreotide increased apoptosis at the villus tip, lat eral villus, and crypt. T he two control groups had similar villus height, crypt depth, and CCPR. T he two octreotide-treated groups had similar villus height and CCPR compared with the two control groups, which had similar ®ndings for all variables, but a signi®cantly lesser crypt depth. Crypt depth, but not villus height, correlated with DNA fragmentat ion, and neither variable correlated with CCPR. T he authors concluded that: (1) octreotide treatm ent is associated with increased DNA fragm entati on in enterocytes; (2 ) octreotide promotes apoptosis in both villus and crypt compartm ents; and (3) a predisposition to apoptosis may play a role in octreotide effects on intestinal regeneration and adaptation (T hompson 1998 ).
T hereafter, in response to these ®ndings and a related study showing that epidermal growth factor (EGF) stim ulates regeneration and adaptation by increasing proliferat ion and reducing apoptosis, T hompson (1999 ) investigated the effect of EGF on octreotideinduced enterocyte apoptosis. Twenty-four rabbits after patch enteroplasty in the distal ileum were divided into four groups: octreotide 250 mg/kg/day, EGF 40 mg/kg/day, EGF plus octreotide, and controls. Normal ileal mucosa adjacent to the patch was evaluated at 7 days for villus height, crypt depth, CCPR, and in sit u end-labelli ng of DNA fragm entation. Compared with the controls, the octreotide-only group showed increased apoptosis at the villus, lateral villus, and crypt, and the EGF group showed decreased apoptosis in the crypt and villus, villus tip and lateral villus. T he octreotide-treated animals with and without EGF had a sig-ni®cantly greater mean DNA fragmentation and reduced crypt depth and villus height, but normal CCPR compared with the controls. T he effect of EGF on octreotideinduced apoptosis was greater in crypt than in villus enterocytes, indicat ing that octreotide has both direct and indirect effects on enterocyte apoptosis.
Neomucosa in the rat
T he peritoneal surface has also been utilized to develop epithelial cells. In a rat model, Nothinger e t a l. (1982) folded the colon to form a seromuscular tunnel and sutured the two ends to the transected ileum, for normal small bowel passage. After 6±12 weeks, a pouch on which a one layer of cylindric epithelium had developed showed evidence of disaccharidase act ivity.
Ring-Mrozik (1989 ) grew functioning neomucosa of endogenous origin in Wistar rats by blocking off a loop of small intestine with a Braun's anastomosis, opening it and sewing it onto the parietal peritoneum. T his form ed a tube in which two-thirds of the circumference consisted of small intestine and onethird of peritoneum. After the peritoneal part had been overgrown by neomucosa, the original jejunal part was removed, and a tube consisting of parietal peritoneum with a muscular portion was formed around the neomucosal island. By 4±5 months postoperation, a mucosal tube with complete neomucosal lining had formed. Histological, enzym e histochemical and electron microscopy studies demonstrated that the neomucosa was indeed functioning as a small intestinal mucosa. Intragastric administration of a prostaglandin E2 analogue accelerated neomucosal growth, induced an increase in villus height and crypt depth, and induced a decrease in granular tissue thickness. Measurements of the accumulation of 14C glucose and its inhibition by ouabain con®rmed the active transport of 14C glucose in the cells of the small intestinal neomucosa.
Finally, Erez e t a l. (1992 ), using pigs and rats, successfully enlarged the small bowel surface by growing new mucosa on the parietal peritoneum following enteroperitoneal anastomosis. T hey found that this technique has two important advantages:¯uids and electrolytes are absorbed through the peritoneum, and bowel transit time is slowed.
Neomucosa in dogs
T he possible in¯uence on neomucosal growth of the timing of intestinal patching after intestinal resection was investigated in a canine model. Twelve dogs underwent 75% intestinal resection, with intestinal patching being done either simultaneously or 12 weeks later. Energy intake, ®nal body weight, album in level, and length of remnant patched were similar in both groups. At 40 weeks after patching, there were no between-group differences in neomucosal coverage of the defect, neomucosal surface area, or patch size, or in villus height of the neomucosa or disaccharidase activity. T he authors concluded that intestinal patching need not be performed at the time of the intestinal resection (T hompson 1987 ).
T hompson (1987 ) and T hompson and Quigley (1991 ) studied the effect of the serosal patching of 4 15 cm, full-t hickness, jejunal defect on absorptive function, fasting, and postprandial myoelectrical activity over a 3-m onth period. While fat and D-xyl ose absorpti on were similar in the study and control groups, serum album in was signi®cantly depressed and stool moisture content was elevated following patching. Neither the generation of the various phases of the interdigest ive myoelectrical act ivity (IDM EC ), or colonic myoelectrical patterns were impaired in the patched animals. T he normal gradient s of slow-wave frequency, phase III propagation velocity, and onset of the fed pattern were similar in the two groups, alt hough jejunal slow-wave frequency (cpm ) and IDMEC frequency were greater, and the IDMEC period was shorter in the patched anim als. In vit ro studies demonstrated a similar absorptive function in intact mucosa and neomucosa. T hus, the technique of serosal patching seems to be associat ed with im paired absorption in vivo . While this may be related, in part, to the minor motility changes observed, other fact ors such as hormonal changes may also be important. Krammer and Sigge (1994 ) induced a short bowel in eight beagle bitc hes by resecting 85% of the small intestine. Following resection, a tangential ®xati on was performed in the antiperistalti c direction between the ileum and the proximal colon. A 15 cm segment of the remaining ileum was incised opposite to its mesenterial attac hment and sewn onto the serosa of the neighbouring segment of colon (serosa patching). After 20 weeks of observation, segments of the ileum, the colon and the anastom osed intestinal segment were removed. T he neomucosa covering the patch surface was investigated with immunohistochemical methods to dem onstrate the presence of nerve ®bres. T he im munouorescence reaction (using anti-glial ®brillary acidic protein) clearly demonstrated im munoreactivity in the form ed neomucosa and underlying granulation tissue. T he im munoreactive ®bres were comparable with ®bres in the original mucosa. T his ®nding is an indicati on that the neomucosa of a serosa patch may be functionally intact because the presence of nerves suggests that mucosal functions, e.g. resorption and secretion, are under nervous regulation.
In a related study, the transverse colon of young beagles was isolated, leaving the blood supply intact . T he colonic continuity was reestablished, and two abdom inal stomata were form ed at the ends of the isolated transverse colon. A week lat er, the colonic mucosa of the isolated transverse colon was surgically removed, and autologous smallbowel mucosa was transplanted in the demucosed colon. T he anim als were sacri-®ced 2, 4 and 6 weeks after transplantation, and the ileal mucosa-coated colon was histologically examined under light microscopy. A neomucosa with histological characteristics of small bowel on a colon muscular matri x was noted. T his study proves that an autogenic allotopic small-bowel mucosa transplantation is technically possible. T he denuded colon was resurfaced after 2 weeks, but the mucosa was¯at . Villi and crypts were present only in the 6-week specim ens (Zachariou 1998).
Summary

Ra b b it
T he different rabbit models showed that neomucosal growth is more rapid with the patching of multiple small intestinal defects than that of a single large defect of the same surface area. T he rate of growth and the function of the neomucosa are similar on colon serosa and abdom inal wall muscle. Neomucosal growth can also occur longitudinally in serosa-lined tunnels, but lateral ingrowth is more effective. When intestinal lengthening was combined with patching, the growth of regenerated mucosa was found to be solely a result of epithelialization, without any evidence of contraction, and the quanti ty and rate of neomucosal growth were apparently unrelated to intestinal segment length. Systemic UG has a dose-dependent effect on both epithelialization (intensi®es) and contracti on (decreases) of serosa-patched intestinal defects, with a longer duration of infusion leading to an increase in the quantity of neomucosa. UG also signi®cantly increases glucose uptake and disaccharidase activity, independent of patch size. Octreotide (somatost ati n analogue) increases DNA fragm entati on in enterocytes and promotes apoptosis in both villus and crypt compartments, indicati ng a role in both intestinal regeneration and adaptation. T he apoptotic effect is inhibited by EGF. A comparison of peritoneal and colonic serosa patches yielded normal brush border enzyme activity for the form er peritoneal serosa, but signi®cantly lower than normal levels of sucrase and maltase for the latter.
Ra t
T he extremely weak and thin intestine of the rat precludes the use of its serosal surface for growing neomucosa, so the peritoneal serosal surface was utilized instead. By folding the colon, a seromuscular tunnel was formed, and the two ends were sutured to the transected ileum. T he one-layer cylindric epithelium obtained showed evidence of disaccharidase act ivity. A functioning neomucosa of endogenous origin has been achieved on the parietal peritoneum. T his technique, also performed in pigs, had two im portant advantages:¯uids and electrolytes were absorbed through the peritoneum and bowel transit tim e was slowed.
Do gs
Canine models have proved very useful for investigati ng the tim ing of intestinal patching in relation to bowel resection. No difference in neomucosal growth was noted between simultaneous patching and patching after a 12-week interval. Serosal patching was found to be associat ed with impaired absorption in vivo . T his may be att ributabl e to both minor motility and hormonal changes. T he presence of nerve ®bres seems to indicate that the neomucosa of a serosa patch is functionally intact and that mucosal functions are under nervous regulation. T he canine model was also useful for proving that an autogenic allotopic small-bowel transplantation is technically possible.
Conclusion
It has been dem onstrated that intestinal neomucosa can be successfully raised on a serosal adjacent surface, i.e. small bowel or colonic serosa or peritoneum. T he rat e of growth, contraction, and apoptosis of the neomucosa can be in¯uenced by the systemic administration of different growth factors (Table 1 ). T he absorption of¯uids and electrolytes, as well as border enzyme activity of sucrase, maltase, and lactase were demonstrated. Further investigations directed at the in¯uence of diverse growth factors may open new horizons for the clinical use of this still unexploited technique for increasing the active mucosal surface in patients with short bowel syndrome.
